RESULTS AND DISCUSSION
Early ultrastructural work in the flowering plant Haemanthus katherinae has revealed that microtubules from the two halves of the phragmoplast interdigitate at the midplane where cellplate vesicles aggregate [12] . The same configuration exists in the phragmoplast of the moss Physcomitrella patens [13] , indicating that it might be universally relevant for the spatial orchestration of cytokinesis in land plants. We therefore investigated whether regions of antiparallel microtubule overlap could have a direct role in determining the location of cell-plate assembly in the genetically amenable moss P. patens ( Figure 1A ). For this, we imaged the conserved microtubule bundling protein MAP65c labeled with citrine (a GFP variant) as a marker for microtubule overlaps [14] [15] [16] in combination with the lipophilic dye FM4-64 that stained the membrane of the forming cell plate in life caulonema apical cells ( Figures 1A and 1B) . Membranous material first became visible in the phragmoplast midplane approximately 2 min after the onset of anaphase (t = 0). At this stage, cell-plate membrane and overlap signals were momentarily strongly correlated and appeared as two coinciding punctate patterns at the midplane ( Figure 1B ; Movie S1). As the construction of the cell plate progressed, membranous material also became visible in between microtubule overlaps. Later, the initial microtubule overlaps disappeared, leaving behind a continuous plane of membranous material. Throughout cytokinesis, new overlaps showing isolated membrane association were formed at the phragmoplast periphery, expanding the structure radially [17] . It thus appeared that overlaps are platforms for the initial deposition of cell-plate membrane at the start of cytokinesis and thereafter at the expanding edge of the phragmoplast. This warranted further investigation of their dynamics throughout cell division.
At anaphase onset, overlap regions of interpolar microtubules of the spindle apparatus decreased in length and closely coordinated their mutual positions onto a straight plane perpendicular to the spindle axis ( Figure 1B ). This shortening of overlaps has likewise been reported in higher plants, and their limited length is maintained throughout cytokinesis [14, 18] . To investigate whether length confinement of overlaps in the phragmoplast is a prerequisite to precisely define the position of membrane deposition, we sought a way to interfere with overlap length. To this end, we investigated the functioning of kinesin-4 motor proteins, whose disruption causes a marked increase in overlap length in central spindles of animal cells, but for which no cytokinetic function has yet been attributed in plants [10, 11, 19] . Two P. patens kinesin-4 molecules, Kinesin4-Ia and Kinesin4-Ic (hereafter referred to as Kin4-Ia and Kin4-Ic), were observed at the phragmoplast midplane in a P. patens localization screen [20] . In our investigation, cells lacking both these kinesin-4 motors failed to shorten their overlaps at the start of anaphase and instead maintained long overlaps until the completion of cytokinesis (Figures 2A and S1 ; Movie S2).
Smaller defects present in single mutants became particularly apparent when an average kymograph was constructed summarizing the overlap dynamics of many cells ( Figure 2B ). Cells that only lacked Kin4-Ia showed mild extensions during late cytokinesis, while overlap shortening was markedly delayed upon the sole removal of Kin4-Ic ( Figure 2B, arrowheads) . Interestingly, this delay corresponded in time with the late recruitment of Kin4-Ia onto cytokinetic overlaps ( Figures S2A and  S2B ). Arrival of either motor was thus sufficient for overlap shortening. In addition to extended overlaps, we noted an absence of the characteristic rotation of the division plane to an oblique orientation in the kinesin-4 double mutant (Figure 2A ; Movie S2). Consequently, finalized cross walls in this mutant ran primarily perpendicular to the cell axis ( Figures S2C and S2D) . Whether kinesin-4 has a direct role in division plane reorientation is currently unclear because the underlying process is mechanistically not understood.
The mechanism by which kinesin-4 induces overlap shortening was investigated using a purified recombinant N-terminal fragment of moss Kin4-Ic. We observed that it suppressed microtubule growth velocities in a dose-dependent manner with a minimal effect on catastrophe rate (Figures S2E-S2H ). The mode of action of kinesin-4 thus appeared to be conserved between animals and plants [21] [22] [23] . Recruitment of kinesin-4 onto phragmoplast overlaps may thus prevent their elongation by inhibiting the growth of microtubules within them. Shortening could then occur if microtubules simultaneously slide apart [10, 11, 22] .
Having found a way to increase overlap length, we next examined the consequences for the accumulation of cell-plate membrane. The practical usability of FM4-64 to visualize cell-plate membranes was limited because staining, although bright, was variable and dye administration required precise timing, hampering quantitative comparison across genotypes. We therefore labeled an endogenous integral membrane protein belonging to the secretory carrier membrane protein (SCAMP) family, which we designated SCAMP4 (Figures S3A-S3C ). This protein localized to the plasma membrane, early endosomal compartments and the cell plate as described for SCAMPs of higher plants [24] (Figures S3D and S3E ). We first inspected the expanding edge of the phragmoplast where, as described above, cell-plate material specifically accumulated at overlaps ( Figure 1B ). Compared to wild-type cells, longer membrane structures were visible along the extended overlaps of the Dkin4-Ia/Ic mutant but rarely did they encompass the entire overlap length ( Figure 3A) . Upon a closer inspection of the dynamics of the assembly process, we noted that particularly long stretches of membrane material did occasionally form ( Figure 3E ; Movie S3). However, these readily coalesced into the cell plate even while the underlying overlaps were still intact. To assess whether this remodeling could eventually reduce the width of the cell plate to a wild-type level, we next analyzed more mature parts of the cell plate where membrane material was also visible in between overlaps ( Figure 3B ). In the Dkin4-Ia/Ic mutant, membrane material clearly aggregated near the center of overlaps, but an overall widening of the cell plate remained notable (Figure 3B ). Differences were verified by averaging line scans of SCAMP4 signals and determining the widths of their intensity distribution ( Figures 3C, 3D , and S4A). A consistent widening of the cell plate in the kinesin-4 double mutant was also visible using differential interference contrast (DIC) optics ( Figures  S4B and S4C ). Taken together, confinement of the initial deposition of cell-plate membrane through kinesin-4-mediated overlap length restriction is essential to control ultimate cell-plate thickness.
Apart from the observed broadening of cell plates, we also noticed a delayed progression of cytokinesis in cells lacking both kinesin-4s. Compared to wild-type cells, the radial expansion velocity of the phragmoplast was halved in kinesin-4 double-mutant cells ( Figure 3F ). Since expansion requires the continuous formation of new microtubule overlaps at the phragmoplast edge [17] , we hypothesized that kinesin-4 may have had a direct role in the formation of new overlaps. However, abundant overlap formation during expansion was still discernible in the mutant situation (Movie S4). Moreover, simultaneous imaging of Kin4-Ic and MAP65a demonstrated that overlaps became enriched with kinesin-4 only after they were formed ( Figures S4D  and S4E ). We therefore favor an alternative scenario in which the expansion rate of the phragmoplast is coupled to the degree of maturation in the central part of the cell plate. The slower expansion in the kinesin-4 double mutant may then be explained by the initial wider deposition of membrane material requiring more time to be transformed into a coherent cell plate.
As the cell-plate lumen becomes reinforced with various polysaccharides, it gradually matures into a new cell-wall segment (B) Evolution of the width of MAP65a-labeled overlaps throughout cell division shown by a kymograph for wild-type (average of n = 7 cells), Dkin4-Ia (n = 9), Dkin4-Ic (n = 9), and Dkin4-Ia/Dkin4-Ic (n = 9). Per time point, the normalized intensity distribution perpendicular to the midplane is shown after undulations in the midplane were straightened out computationally. Kymographs were limited to contain only information from at least half of the imaged cells. Arrowheads mark the slight overlap extension in the Dkin4-Ia mutant and the delay in overlap compaction after anaphase onset in the Dkin4-Ic mutant. Horizontal scale bar, 1 mm; vertical scale bar, 5 min. (legend on next page) [5, 25] . The abnormalities in cell-plate assembly arising from longer microtubule overlaps were thus expected to be reflected in the morphology of completed cross walls. Indeed, when observed using transmission electron microscopy, completed walls in kinesin-4 double mutants were irregularly shaped, thicker (1.32 ± 0.32 mm [SD; n = 23] against 0.46 ± 0.13 mm [n = 27] in wild-type; p < 0.001 in Student's t test) and showed an abnormal texture, often with visible inclusions ( Figure 3G ). Interestingly, mild structural defects were also observed in both kinesin-4 single mutants, highlighting that even a mild disruption of overlap length can ultimately result in improperly deposited walls (Figures S4F and S4G ). It will be interesting to find out how the dwarfed phenotype of double-mutant plants relates to the defective interface between neighboring cells (Figure S1C) . A key linking factor might be the permeability of plasmodesmata, which is known to affect signaling and differential development among plant cells [26, 27] . Channels of plasmodesmata appeared crooked in the kinesin-4 double mutant (Figure 3G, arrowheads) . However, the consequence for intercellular transport remains to be investigated.
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The classical view on cell-plate assembly is that vesicles are transported along microtubules toward the phragmoplast midplane [1-3, 7, 8] . The polarized orientation of microtubules alone, however, does not explain why cell-plate initials are only formed there [16] . With our current findings, we propose a leading role for overlaps in spatially orchestrating vesicle immobilization and facilitating their localized fusion (Figure 4) . How cell-plate vesicles can become associated to these specific cytoskeletal structures is then a relevant question. We reasoned that vesicle transport may stall at overlaps if vesicle-associated motor proteins interact with microtubules of opposite polarity [28] . Alternatively, vesicles may diffuse passively and bind overlap-associated factors to accumulate locally. In both scenarios, the successive step of vesicle fusion possibly requires the Under wild-type circumstances (left), after the formation of a region of antiparallel overlap involving MAP65 crosslinkers (yellow), kinesin-4 is recruited to limit overlap length. This in turn confines the initial cell-plate membrane deposition to a well-defined plane. From our light microscopic observations, it is unclear whether the transformation of vesicles into larger membrane structures, involving tethering and fusion, occurs at overlaps or in their direct vicinity. Initial membrane structures are remodeled, and further maturation of the cell plate is achieved through deposition of cell-wall polysaccharides [6, 25] . In absence of kinesin-4 inhibitors of microtubule growth (right), elongated overlaps widen the zone of initial membrane deposition. Compared to wild-type, this wide deposition is remodeled into a thicker cell plate at a greatly impaired rate.
recruitment of vesicle tethering and fusion machinery onto overlaps ( Figure 4 ) [1, [29] [30] [31] . It is highly conceivable that MAP65 plays a direct role in this based on recruitment strategies in related bipolar microtubule networks [32, 33] . Such a notion is also congruent with silencing of MAP65 in moss upon which membrane accumulation stalls during early cytokinesis and no uniform cell plate is formed [16] . We anticipate that the kinesin-4 mutants will be instrumental to further identify and understand the signaling pathways operating at the phragmoplast midplane. For long it has been recognized that regions of microtubule overlap in animal central spindles and plant phragmoplasts form a highly regular lattice during cytokinesis [9, 34] . Our results show that overlaps in an early divergent land plant are fine-tuned this way to precisely define a plane on which the cell plate is scaffolded. Overlaps therefore not only have a structural role in maintaining the bipolarity of the phragmoplast microtubule network [15, 16, 18, [35] [36] [37] , but provide a well-defined spatial signal for cell-plate membrane aggregation and subsequent fusion. In dividing animal cells, microtubule overlaps of the central spindle concentrate signaling molecules to locally promote contractile ring formation and abscission [38] [39] [40] . A high degree of overlap organization therefore seems to be a common requirement for localizing cytokinetic machinery, and the involvement of multiple conserved factors including MAP65 and kinesin-4 suggests that its necessity arose early in the evolution of the eukaryotic cell. The identification of overlaps as central players in phragmoplast functioning therefore does not only provide a framework for future work on plant cytokinesis, but provides means to discover common mechanisms in diverse cytokinetic networks that all coordinate cytoskeletal and membrane-based processes. 
